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absorption measurements on this System in order to chäracterize the intermediate 
and kinetics of electron transfer further. 
Acknowledgnents. The authors would l i k e to thank Drs. Jim A l l e n , JoAnn Williams 
and Sheng Lin for hei pfui discussions and Dr. Edith Bittersmann for her help in 
the Performance and analysis of the Single photon counting experiments. We woul 
also l i k e to thank Drs. Douglas Youvan and Edward Bylina for supplying the 
Plasmids, strains and much technical information required to i n i t i a t e this 
project. N.W.W, acknowledges funding from the National Science Foundation, 
Biophysics Program and from the Department of Energy, University Research 
Instrumentation Program. This i s publication #51 from the Arizona State 
University Center for the Study of Early Events in Photosynthesis. The Center i 
funded by U.S. DOE grant 0DE-FGO2-88ER13969 as part of the USDA/DOE/NSF Plant 
Science Centers Program. S.G.B, acknowledges funding from the NSF biophysics 
program and J.W.S. i s an NSF predoctoral fei low. 
REFERENCES 
J.P. A l l e n , G. Feher, T. 0. Yeates, H. Komiya, D.C. Rees: Proc. Natl. Acad. S e i . 
USA 84, 6162-6166 (1987) 
R.E. Blankenship, W.W. Parson: Biochim. Biophys. Acta 545, 429-444 (1979) 
E.J. Bylina, C. Kirmaier, L. McDowell, D. Holten, D.C. Youvan: Nature 336, 182-1 
(1988) 
E.J. Bylina, S. Ismail, D.C. Youvan: Plasmid 16, 175-181 (1986) 
E.J. Bylina, D.C. Youvan: Proc. N a t l . Acad. S e i . USA 85, 7226-7230 (1988) 
C.H. Chang, D. Tiede, J . Tang, V. Smith, J . Norris, M. Shiffer: FEBS Lett. 205, 
82-86 (1986) 
R.K. Clayton: Photochem. Photobiol. \_t 201-210 ( 1962) 
J . Diesenhofer, 0. Epp, K. M i k i , R. Huber, H. Michel: Nature 318, 618-624 (1985) 
J.D. Gust, T.A. Moore, D.K. L u t t r u l l , G.R. Seely, E. Bittersmann, R.V. Bensasson 
M. Rougee, E.J. Land, F.C. DeSchryver, M. Van der Auweraer: Photochem. Photobiol 
5^, 419-426 (1990) 
C. Kirmaier, D. Holten, W.W. Parson: Biochim. Biophys. Acta 810, 49-61 (1985) 
C. Kirmaier, D. Holten, E.J. Bylina, D.C. Youvan: Proc. Natl. Acad. Sei. 85, 756! 
7566 (1988) 
D. J . Lockhart, S.G. Boxer: Biochemistry 26, 664-668 (1987) 
L.J. Mancino, D.P. Dean, R.E. Blankenship: Biochim. Biophys. Acta 764, 46-54 
(1984) 
W.W. Parson: in Photosynthesis ( J . Amesz, ed.) E l s e v i e r , Amsterdam (1986) 
R.C. Prince, D.C. Youvan: Biochim. Biophys. Acta 890, 286-291 (1987) 
N.W. Woodbury, W.W. Parson: Biochim. Biophys. Acta 85£, 197-210 (1986) 
N.W. Woodbury, E. Bittersmann: in Proceedings of the VTIIth International Congre< 
on Photosynthesis, Stockholm, Sweden (1989) (in press) 
D.C. Youvan, S. Ismail, E.J. Bylina: Gene 38, 19-30 (1985) 
Modified Bacterial Reaction Centers: 
3. Chemical Modified Chromophores at Sites BA, BB and HA, HB 
\ . Struck', D. Beese', E.CmieP, M. Fischer', A.Müller', W.Schäfer^ , 
ind H.Scheer' 
Botanisches Institut der Ludwig-Maximilians-Universität, Menzinger Straße 67, 
W 8000 München 19,FRG 
' Institut für Physikalische und Theoret ische Chemie ,Technische Universität München, 
Lichtenbergstraße 4, W 8046 Garching, F R G 
? Max-Planck-Insti tut für Biochemie, A m Klopferspitz, W 8033 Martinsried, F R G 
I n t r o d u c t i o r i 
The r e c e n t l y demonstrated exchange of the "monoraeric" b a c t e r i o c h l o r o p h y l l s 
(BChl) ß and B , has opened a new route to i n v e s t i g a t e s t r u c t u r e - f u n c t i o n 
r e l a t i o n s h i p s i n photosynthetic r e a c t i o n centers (RC) of Rhodobacter spha-
eroides R26 [1-4]. The f u n c t i o n of these pigments i s s t i l l c o n t r o v e r s i a l 
[5-22]. However, the f i n d i n g of a new k i n e t i c intermediate at ambient tem-
perature between the i n i t i a l e x c i t e d State P of the primary donor, and 
the charge separated State P""*"H * " i n which the photoe j e c t e d e l e c t r o n 
resides on the bacteriopheophytin (BPhe) of the A-branch, has provided 
strong evidence that one of them (B ) i s an intermediate acceptor i n the 
primary Charge Separation process [15,20]. A s i m i l a r r o l e has been prop-
Dsed f o r B i n t r i p l e t energy t r a n s f e r from P to the carotenoid i n wild-
type RC [18]. To evaluate the d e t a i l s of e l e c t r o n t r a n s f e r and pigment 
i n t e r a c t i o n i t seemed d e s i r a b l e to introduce pigments w i t h a l t e r e d spec-
t r a l and/or redox p r o p e r t i e s . As f i r s t pigments showing considerably blue-
s h i f t e d a b s o r p t i o n s p e c t r a , we have incorporated b a c t e r i o c h l o r o p h y l l s con-
t a i n i n g 3 - v i n y l - or 3-hydroxyethyl-substituents i n s t e a d of the 3-acetyl 
2;roup [ 4 ] . Here, we wish to summarize r e s u l t s on these and some other p i g -
nent raodifications, i n c l u d i n g i n p a r t i c u l a r the exchange of bacteriopheo-
phytins as w e l l . An overview i s given on the pigment m o d i f i c a t i o n s t e s t e d 
and some steady State spectra are shown. 
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M a t e r i a l s and Methods 
Reaction c e n t e r s : R b . sphaeroides R26 and 2.4.1. RC were prepared by 
repeated s o l u b i l i z a t i o n of chromatophores and subsequent chroraatography o 
DEAE-cellulose as des c r i b e d p r e v i o u s l y [ 2 ] . F i n a l p u r i f i c a t i o n was achiev 
by d e n s i t y - g r a d i e n t c e n t r i f u g a t i o n (0.2 to 0.8 M sucrose i n 10 mM tris-HC 
b u f f e r , pH 7.6, c o n t a i n i n g 0.08 % LDAO, 20 hours, 240000-g). RC were e n r i 
ched i n the 0.6 M re g i o n . They were withdrawn, d i a l y z e d against t r i s - H C l 
b u f f e r (10 mM, pH 7.6, c o n t a i n i n g 0.08% LDAO) and sto r e d at -20 C. Rhodo-
s p i r i l l u m r u b r u m and R h o d o s p e u d o m o n a s v i r i d i s r e a c t i o n centers were prep-
ared by Standard procedures, and p u r i f i e d as the ones from Rb. sphaero-
ides . 
Pigments: Behl a and Behl a were e x t r a c t e d from R b . sphaeroides and Rs 
P GR 
rubrum, r e s p e c t i v e l y . E s t e r s w i t h other a l c o h o l s were obtained by trans-
e s t e r i f i c a t i o n . Pigments w i t h opened i s o e y c l i c r i n g and w i t h a 13^-oxo-
group were obtained by the phase t e s t r e a c t i o n [23-25]. Demetalation to 
the r e s p e c t i v e pheophytins was done w i t h d i l u t e HCl. [ 3 - a c e t y l ] - C h l o r o -
p h y l l a was obtained by o x i d a t i o n of Behl a w i t h h i g h - p o t e n t i a l quinones 
[26]. U^-OH-Bchl ( I ) and pigments c o n t a i n i n g a 3 - v i n y l - (V,VII) or 3-hyd 
r o x y e t h y l s u b s t i t u e n t ( V I , V I I I ) were prepared as published before [4]. 
P y r o l y s i s to reroove the 13^-COOCH group was done aecording to [27]. A l l 
produets were c h a r a c t e r i z e d by ab s o r p t i o n , f l u o r e s c e n c e , 'H-NMR and mass 
spectroscopy. A füll aecount of the chemistry w i l l be given separately. 
Exchange experiments were perforraed as p r e v i o u s l y [1-4] using a 20 f o l d 
excess of exogenous pigments over the BChl contained i n the RC. A l l exper-
iments w i t h R b . s p h a e r o i d e s R26-RC were done under the sarae exchange con-
d i t i o n s , v i z . i n e u b a t i o n of the r e a c t i o n centers at 42.5° C f o r 90 minute* 
i n a 20 mM t r i s / 0.08% LDAO/ 10% MeOH b u f f e r , c o n t a i n i n g the modified pig-
ments i n a 20 f o l d excess. Afterwards, excess pigments were removed from 
the i n e u b a t i o n mixture by repeated chroraatography on DEAE-cellulose. The 
temperature was optimized f o r other s p e c i e s , and i n the case of Rs. 
rubrum, LDAO was repl a c e d by Triton-XlOO (0.1%). 
E x t r a c t i o n of pigments from RC f o r HPLC a n a l y s i s was done as described i n 
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Table 1: B a c t e r i o c h l o r o p h y l l s with i n t a c t i s o e y c l i c r i n g 
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C 0 0 C H 3 
XIV 13a-Oxa-[13*-Oxo)-[17 /*-raethyl]-BCHl a COCH^ 
Table 2: B a c t e r i o c h l o r o p h y l l with enlarged i s o c y c l i c r i n g 




The pigments i n v e s t i g a t e d , i n v o l v e m o d i f i c a t i o n s at r i n g s A,B,D and the 
i s o c y c l i c r i n g , and s e v e r a l of the chromophores have been prepared as mag-
nesium complexes, e.g. ( b a c t e r i o ) c h l o r o p h y l l s , and as f r e e bases, e.g. 
(bacterio)pheophorbides (Tables 1-5). The r e s u l t s of the exchange e x p e r i -
ments are suraraarized i n Table 6. A l l exchanges were performed under 
b a s i c a l l y the same c o n d i t i o n s . The analyses of the experiments were always 
done by HPLC coupled w i t h absorption spectroscopy [3,4]. Only a few examp-
l e s of the pigment m o d i f i c a t i o n s and t h e i r exchanges s h a l l be discussed i n 
t h i s b r i e f survey. Hydroxylation at C-13 ? gives only minor d i f f e r e n c e s i n 
the absorption spectrum, as compared to the r e s p e c t i v e non h y d r o x i l a t e d 
pigments i n organic s o l v e n t . The a b s o r p t i o n spectrum of 13 ?-0H-BChl a 
( I I I ) i s shown i n F i g . 1 (dash-dotted l i n e ) . I t i s n e a r l y the same as f o r 
unmodified BChl a ( I ) , except f o r a small but c h a r a c t e r i s t i c b l u e - s h i f t of 
the Q -band. Another m o d i f i c a t i o n concentrated on the 3-acetyl s u b s t i t u e n t 
X 
of BChl a (see Table 1, V - V I I I ) . Absorption spectra of [3-vinyl]-13*-0H-
BChl a (VII) and [3-vinyl]-BPh a (XXIV) i n organic solvents are shown i n 
F i g . 2 and F i g . 3 (dash-dotted l i n e s ) . There i s a short-wavelength s h i f t 
of 26 and 24 nm, of the Q^-band versus the 3-acetyl Compound BChl a (I) 
and BPh a (XX), r e s p e c t i v e l y . These pigments are of s p e c i a l i n t e r e s t , 
because they represent a s t r u c t u r a l l i n k between pla n t C h l o r o p h y l l a and 
BChl a. The only remaining d i f f e r e n c e i s i n the hydrogenation State of the 
macrocycle. 
Exchange of B i n Rb. sphaeroides R26: 
A . r\ 
Pigments, l i k e ( I a , I I , I I I , IV, V, VI, V I I , V I I I , X, X I ) , i n which the 
c e n t r a l Mg atom i s present, exchange s e l e c t i v e l y w i t h the monomeric BChl 
(B ) of the RC. In no case an exchange w i t h BPhe at s i t e s H was obser-
A . Fi A . r\ 
ved as determined by HPLC. There was a l s o no i n d i c a t i o n that the s p e c i a l 
p a i r i s exchangeable i n any of the experiments. Pigments w i t h more extens-
ive m o difications at the i s o c y c l i c r i n g , l i k e (IX) and (XIV) do not exchan-
ge under the c o n d i t i o n s of the experiment. By c o n t r a s t h y d r o x y l a t i o n at 
C-13^ i s not only allowed, but even tends to increase the exchange r a t e , 
and probably also the s t a b i l i t y of RC. The s p e c t r a l changes upon introduc-
i n g modified pigments, p a r a l l e l the changes of the absorptions i n monomeric 
(e.g. ether) S o l u t i o n between the r e s p e c t i v e pigment and Behl a. 
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Pigments l i k e ( I I ) i n which only the 17 3 p r o p i o n i c a c i d e s t e r i s modified 
show no changes i n the absorption s p e c t r a . Minor changes i n the re g i o n 
are observed i n the absorption spectra a f t e r exchange w i t h pigments of RC 
l i k e ( I I I ) and ( I V ) , which are h y d r o x i l a t e d at C-13*. An absorpt i o n spec-
trum of RC a f t e r exchange w i t h ( I I I ) i s d i s p l a y e d i n F i g . 1 ( s o l i d l i n e ) . 
The only d i s t i n c t i v e d i f f e r e n c e i s a s h i f t of the band from about 600 
nm (native RC, data not shown) to 593 nm (modified ones) [ 3 ] , correspon-
ding to a s i m i l a r s h i f t i n monomeric S o l u t i o n (see above). Corresponding 
r e s u l t s were obtained f o r (X, X I ) . Pigment m o d i f i c a t i o n s , which a f f e c t th< 
absorption spectrum i n organic s o l v e n t s more s t r o n g l y , show on the other 
hand s i m i l a r l y pronounced changes at a l l regions of monomeric BChl absorp-
t i o n i n the spectrum of RC, provided an exchange i s p o s s i b l e . As an exara-
ple, the absorption spectrum of r e a c t i o n centers a f t e r an exchange w i t h 
(VII) i s presented i n F i g . 2 ( s o l i d l i n e ) . This pigments c a r r i e s a 3-
v i n y l - s u b s t i t u e n t l i k e Chi a, but has the b a c t e r i o c h l o r o p h y l l conjugation 
System. An exchange i s a l s o p o s s i b l e w i t h BChl a bearing a 3-hydroxyethyl• 
s u b s t i t u e n t . Obviously, m o d i f i c a t i o n s a t C-3 are t o l e r a t e d by the B 
J A , B 
binding pockets [4]. The absorption s p e c t r a of the modified RC show hardl} 
any change (as compared to the n a t i v e ones) i n the 870 nm band of the p r i -
? 3 
XIX [3-acetyl]-Chlorophyll a COCH 
Table 4: C h l o r o p h y l l s 
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a) 13 7-Epiraer mixture 
b) Stereochemistry at C 1 undefined 
Table 5: Bacteriopheophytins 
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Table 6: Exchangeability of pigments i n r a c t i o n 





















XVIII - - -
XIX - - - -
XX - ? ? 
XXI - ? •+ 
XXII - - ? + 
XXIII - - ? + 
XXIV - - + + 








a) P a r t i a l exchange 
b) P a r t i a l l y formed under exchange conditions 
? Results unclear 
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mary donor and the 765 nm band of H but s i g n i f i c a n t b l u e s h i f t s of the 
A , B 
800 nm and part of the 600 nm band assigned comraonly to the and 
bands, r e s p e c t i v e l y , of the monomeric B and B . Q u a l i t a t i v e l y the same 
A B 
r e s u l t i s achieved w i t h pigments (V, VI, V I I I ) [4]. 
Pigments l i k e XVII, XVIII and XIX bearing a c h l o r i n macrocycle character-
i s t i c f o r plant C h l o r o p h y l l s , do not exchange under the r e a c t i o n condi-
t i o n s . The same i s true f o r pigments l i k e (XV, XVI) i n which the i s o c y c l i c 
r i n g V i s absent. 
Exchange of H i n R b . sphaeroides R26: 
A . B 
Pigments l i k e (XX, XXI, XXII, X X I I I , XXIV or XXV) which l a c k the c e n t r a l 
Mg atom , exchange s e l e c t i v e l y w i t h the BPhe i n the H pockets. The 
A . B 
absorption spectrum of r e a c t i o n center a f t e r an exchange w i t h (XXIV) i s 
presented i n F i g . 3. The a b s o r p t i o n spectra of the modified RC show har d l y 
any change (as compared to the n a t i v e ones) i n the 870 nm band of the p r i -
mary donor and i n the 800 nm band of the monomeric b a c t e r i o c h l o r o p h y l l s , 
but s i g n i f i c a n t b l u e - s h i f t s of the 760 nm and 540 nm band assigned com-
raonly to the Q and Q bands, r e s p e c t i v e l y , of the monomeric H . The 
" V X A . B 
experiments also i n d i c a t e , that one of the two bacteriopheophytins, (prob-
ably H ), i s more r e a d i l y exchangeable (data not shown). An exchange rate 
above 50% of the bacteriopheophytins i s more d i f f i c u l t , but p o s s i b l e as 
shown i n F i g . 3. Data c o l l e c t i o n on the f u n c t i o n a l i t y of RC modified i n 
such a manner i s i n progress. 
Other b a c t e r i a l r e a c t i o n centers: 
Experiments with r e a c t i o n centers from R b . sphaeroides 2.4.1, the w i l d 
type s t r a i n , allow an exchange of Behl not higher than 25% of t o t a l bac-
t e r i o c h l o r o p h y l l . S t r u c t u r a l l y , the major d i f f e r e n c e between R26 and 2.4.1 
r e a c t i o n centers i s the presence of the carotenoid sphaeroiden(on)e, on 
the M branch of the l a t t e r one, c l o s e to B . We conclude t h e r e f o r e , that 
B 
i n 2.4.1 RC, there i s only one pocket a c c e s i b l e , the B pocket, and that 
the carotenoid blocks exchange of B . R e s u l t s w i t h the c a r o t i n o i d - l e s s 
B 
mutant Rs. rubrum G9 show an exchange l i k e i n Rb. sphaerides R26, but the 
very low p r o t e i n s t a b i l i t y i n LDAO renders a comparison more d i f f i c u l t . 
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absorbance 1.5-
300 440 580 720 860 100C 
wavelength (nm) 
F i g . 1 Absorption spectra of 13 ?-0H-BChl a (III) i n ether ( ) and of 
RC frora R b . s p h a e r o i d e s R26 a f t e r exchange with the same pigment 
D i s c u s s i o n 
I t has been shown that b a c t e r i o c h l o r o p h y l l s w i t h modified p r o p i o n i c a c i d 
e s t e r s are "accepted" s e l e c t i v e l y by the binding pockets f o r the monomeri' 
pigments B and B . The same was shown f o r b a c t e r i o c h l o r o p h y l l s modified 
at the p o s i t i o n 3 and/or 13 . I t has a l s o been shown that bacteriopheophy 
t i n s modified at the p o s i t i o n 3 and/or 13 ? are "accepted" s e l e c t i v e l y by 
the binding pockets H f o r the monomeric pheophytins, w i t h i n d i c a t i o n 
A . B 
f o r a p r e f e r e n t i a l exchange of the i n a c t i v e (?) H . In these pigments, 
B 
only the presence or absence of Mg seems to determine whether the pigment 
exchanges wit h the Behl (=Mg-complexes) lo c a t e d o r i g i n n a l l y at B , or 
w i t h the BPhe (= f r e e base) l o c a t e d o r i g i n a l l y at H . E v o l u t i o n [29,30] 
A , B 
or s i t e d i r e c t e d rautagenesis [31,32] has l e d to s e v e r a l RC i n which BPhe 
replaces BChl, and vice versa. These changes are always r e l a t e d to a 
replacement of a p o l a r , metal-coordinating residue c l o s e to the c e n t r a l Mj 
of a BChl, e.g. h i s t i d i n e i n n a t i v e RC, with a non-polar one, l i k e i s o l e u 
eine, or vice versa. In a l l these cases, there a i s high degree of d i s c r i -
mination between the BChl and BPhe by the binding s i t e s . This f i n d i n g has 
obvious i m p l i c a t i o n s on the assembly of the RC in vivo. 
The l a c k of exchange of pigments w i t h a c h l o r i n e macroeycle p a r a l l e l s obs-
e r v a t i o n s of Loach and coworkers [33,34] on B870 complexes of Rs.rubrum. ] 
may be important i n understanding pigment/protein s t r u c t u r e r e l a t i o n s h i p s , 
I t i s p r e s e n t l y unclear, i f the b a c t e r i o c h l o r i n e macroeycle i s e s s e n t i a l 
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obsorbonce 
440 580 720 860 1000 
wavelength (nm) 
Absorption spectra of [3-vinyl]-BPhe a (XXIV) i n ether ( ) 
and of RC from R b . s p h a e r o i d e s R26 a f t e r exchange with the same 
pigment ( ). 
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f o r the s t a b i l i t y of the whole r e a c t i o n center p r o t e i n , or i f c h l o r i n s do 
not f i t i n t o the B pockets. I t should be mentioned i n t h i s context, 
that we have a nuraber of observations, that the absence of BChl or BPhe 
d e s t a b i l i z e RC. 
An i n t e r e s t i n g spectroscopic r e s u l t i s the low e l e c t r o n i c c o u pling of the 
d i f f e r e n t pigment doraains. The l a c k of s i n g l e t State i n t e r a c t i o n s between 
P and B i s confirmed by CD-data [41. At the same time, t h i s allows a 
f a i r l y unambigous assignment of the upper e x c i t o n of the primary donor to 
the 81o nm band remaining a f t e r s h i f t of the B monomer band i n RC con-
A , n 
t a i n i n g e.g. pigment V I I I at the l a t t e r s i t e s . By a s i m i l a r comparison, 
there i s a l s o ENDOR evidence of a low coupling between the pigments at 
B ^ and the doublet S t a t e P^'CLubitz et al., unpublished), but that thert 
i s a s i g n i f i c a n t i n t e r a c t i o n w i t h the t r i p l e t State P T (Angerhofer et al., 
unpublished). 
F u n c t i o n a l l y important i s the f a c t , that i n a l l the complexes which accept 
modified b a c t e r i o c h l o r o p h y l l s , the r e v e r s i b l e photobleaching i s r e t a i n e d . 
K i n e t i k and other spectroscopic work i s i n progress to f u r t h e r character-
i z e RC with modified pigments, i n order to understand the s t r u c t u r e / f u n c -
t i o n r e l a t i o n s h i p of the t e t r a p y r r o l e s i n b a c t e r i a l RC. 
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